The electrochemical property and corrosion resistance of the composite inert anodes in a zinc electrowinning simulation solution were improved with the rise of heating temperatures during the vacuum hot pressing, and those were also enhanced by the doping of Co 3 O 4 and PbO 2 particles. This method solved the problems of the lower dispersion uniformity of the composite inert anodes prepared by composite electrodeposition or traditional casting technique.
Introduction
Composite inert anodes used in zinc electrowinning have been studied widely for many years. The direction of reaction, kinetics of electrode course, structure patterns of the electrolytic cell and electric energy consumption are not only related to the electrolyte characteristics, but also related to the performance of anode materials in zinc electrowinning.
1,2 The Pb-Ag (0.75-1.0 wt%) and Pb-Ag (0.2-0.3 wt%)-Ca (0.06-0.1 wt%) alloy anodes are widely used in zinc electrowinning industry in view of their good stability and high corrosion resistance in acid solution. However, they have some shortcomings such as poor conductivity, high overpotential of oxygen evolution, and dissatisfactory mechanical performance. [3] [4] [5] In order to solve shortcomings, precious metal or other metal (i.e. silver, calcium and thallium in lead alloy) has added in inert anodes by R. H. Newnham. 6 Active particles such as tungsten carbide and cobalt oxide have been doped in Al/Pb/a-PbO 2 inert anodes by S. He et al. 7 The Al/Pb-Ag alloy anodes were studied by Y. Zhang et al. which were obtained by electrodeposition on aluminum matrix. 8 In order to solve the above problems, there are two main optimization routes by researchers. [9] [10] [11] [12] [13] [14] (i) The electrocatalytic activity, corrosion resistance and mechanical properties are improved by binary alloy and multi-component alloy base on Pb substrate such as Pb-Ag, Pb-Sn, Pb-Ca, Pb-Ba, Pb-Cd, Pb-AgCa, Pb-Ag-Ti and Pb-Ag-Sn. [15] [16] [17] [18] But there are still some defects such as high energy consumption and short service life. (ii) The electrocatalytic activity, corrosion resistance and mechanical properties are improved by the metal substrate lm anodes such as MnO 2 , PbO 2 and platinum group oxide prepared by composite electrodeposition and other methods, and Ti, Al, Pb and stainless steel can be used as main substrates. However, there are still some deciencies of short service life and lower dispersion uniformity.
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Co 3 O 4 particle as a metal oxide catalytic agent has extensive applications for catalyst to electrode. 20 It is widely used in the elds of super capacitor, ceramic and catalyst, and has shown excellent electrochemical properties such as electrocatalytic capacity, electrocatalytic activity of oxygen evolution. 21, 22 In order to obtain Pb-Co 3 O 4 -PbO 2 composite inert anodes used in zinc electrowinning, the molten metal (traditional casting) method was used rstly, But Co 3 O 4 and PbO 2 particles could not be wetted into molten lead, leading that the blending homogeneity of particles in the composite inert anodes could not controlled. The vacuum hot pressing method as a kind of powder metallurgy process can be carried out under lowtemperature condition, which reduces diffusion rates and controls the interface reaction kinetics. [23] [24] [25] It has been used to prepare diamond/Al, diamond/Si-Cu and Al-Cu-Fe composites.
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In this research, Pb-Co 3 O 4 -PbO 2 composite inert anodes were prepared by vacuum hot pressing technique from the mixtures of Pb powders, Co 3 O 4 and PbO 2 particles in a xed mould, which solved the problems of the failure and lower blending homogeneity of the composite inert anodes prepared by composite electrodeposition or traditional casting technique, and a better electrochemical property has been obtained in a zinc electrowinning simulation solution. During the vacuum hot pressing, the inuences of the heating temperatures and particles doping on the preparation and properties of the composite inert anodes were investigated. The surface morphologies, phase structures and electrochemical properties of the composite inert anodes were measured by scanning electronic microscopy, X-ray diffractometer and electrochemical workstation.
Experimental

Preparation of the composite inert anodes
Lead powder (Pb, purity: 99.9%), cobalt oxide (Co 3 O 4 , purity: 99.9%) and lead dioxide (PbO 2 , purity $ 97.0%) were used in the experiments. The molar ratio of Pb/PbO 2 or Pb/Co 3 O 4 was 10 : 1, and that of Pb/PbO 2 /Co 3 O 4 was 10 : 1 : 1. Firstly, the mixtures of Pb, Co 3 O 4 and PbO 2 powders were blended homogeneously by using agate mortar for 30 minutes. Then, the blended powders were placed into graphite mould with inner and outer diameters of 30 and 85 mm respectively in the vacuum hot press furnace. Thereaer, the furnace was vacuumized to 10 À3 Pa, a pressure of 65 MPa and a heating rate of 10 C min À1 were provided. The heating temperatures were controlled ranges of 260 C to 340 C, 260, 280, 300, 320, 340 C respectively, and the heating time was controlled at 45 min. And then, furnace was begun to cool. When furnace temperature was cooled down to 80 C, the air would be pumped in the furnace, and when furnace temperature was cooled down to 60 C, the graphite mould would be brought out. Finally, Pb-PbO 2 , Pb-Co 3 O 4 and PbCo 3 O 4 -PbO 2 composite inert anodes were obtained by vacuum hot pressing method in ZT-30-16Y vacuum hot press furnace.
Measurements of the composite inert anodes
All electrochemical measurements in the zinc electrowinning simulated electrolyte were carried out by a PARATAT2273 electrochemical workstation with a standard three-electrode system. The composite inert anode was employed as the working electrode and its active area was 1 cm 2 , the reference electrode was a saturated calomel electrode (SCE) and the counter electrode was a graphite electrode. The reference electrode and working electrode were linked by a Luggin capillary lled with agar and potassium chloride. In addition, the distance between the capillary and working electrode surface was about 2d (d is the diameter of capillary), and d was 0.5 mm. Fig. 1 . The inset is the Tafel lines (h ¼ a + b lg i) of the oxygen evolution reaction. [29] [30] [31] The kinetic parameters of Tafel linear tting and oxygen evolution overpotentials of the composite inert anodes obtained at different heating temperatures were shown in Table 1 .
As shown in Fig. 1 best electrocatalytic activity, while it was very difficult to prepare the composite inert anodes because of the precipitation of molten lead from the graphite mould at a pressure of 65 MPa. Thus, the heating temperature was more appropriate to be controlled at 320 C.
Anodic polarization curves of Pb-PbO 2 , Pb-Co 3 O 4 , PbCo 3 O 4 -PbO 2 composite inert anodes obtained at the heating temperature of 320 C in the zinc electrowinning simulated solution, were shown in Fig. 2 . The kinetic parameters of Tafel linear tting and oxygen evolution overpotentials of the composite inert anodes were shown in Table 2 .
As shown in Fig. 2 and 
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The value of (a) closely associated with the initial oxygen evolution overpotential, which is the oxygen evolution overpotential of composite anode at 1 A m À2 . The value of (b) is directly relative to the transfer coefficient, whose relationship was shown by equations (b ¼ 2.303RT/aF, a + b ¼ 1). According to compare with Tafel formula and related parameters, there is not obviously changing. It indicates that microcosmic electrochemical reaction is stable. 
Cyclic voltammetry curves of the composite inert anodes
Cyclic voltammetry is one of the most simple and effective method of electrochemical test, which can control the change of electrode potential at a constant rate in the form of a triangular wave and measure one or more times for current of the electrode. Therefore, the redox reaction in the potential range of electrode can be observed and the limit and reversibility of electrode reaction can be determined. 41, 42 The voltammetry charge q* reects the amounts of the surface active sites of the electrode, and it is an important parameter to evaluate the electrochemical active surface area.
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The cyclic voltammetry curves of Pb-Co 3 O 4 composite inert anodes obtained at different heating temperatures were shown in Fig. 3 , and its voltammetry charge q* was exhibited in Table 3 . ). 
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As shown in Fig. 3 , it was obvious that the redox reaction occurring on the surface of Pb-Co 3 O 4 composite inert anodes was an irreversible. There were one oxidation peak A and one reduction peak B, in which peak A was produced by oxygen evolution reaction, and peak B was taken place by the reduction reaction of PbO 2 / Pb 2+ . In addition, the peak values of oxidation peak A increased gradually with the rise of heating temperatures. It can be seen in Table 3 that the voltammetry charge q* of Pb-Co 3 O 4 composite inert anodes increased with the rise of heating temperatures, the main reason is that a part of lead powders were oxidized by residual air during the vacuum hot pressing process, and some lead dioxides were formed. According to the results in Fig. 3 , the peak values of PbO 2 reduction peak B increased with the rise of heating temperatures, which reects the increasing of the amounts of lead dioxides on the surface of the composite inert anodes, leading to the increasing of the surface active sites amounts and voltammetry charge q*. 45 Above research results display that the values of voltammetry charge q* were increased with the raise of treated temperatures from 260 C to 340 C and the electrocatalytic activity of Pb-Co 3 O 4 composite inert anodes were improved with increasing heating temperatures from 260 C to 340 C.
The cyclic voltammetry curves and voltammetry charge q* of Pb-PbO 2 , Pb-Co 3 O 4 and Pb-Co 3 O 4 -PbO 2 composite inert anodes were shown in Fig. 4 and Table 4 , respectively.
As shown in Fig. 4 , there were also one oxidation peak A and one reduction peak B. The peak value of oxidation peak A of Pb-Co 3 O 4 composite inert anode was the maximum, that of Pb-Co 3 O 4 -PbO 2 composite inert anode was in the middle and that of Pb-PbO 2 composite inert anode was the minimum. It can be seen in Table 4 Fig. 2 and Table 2 .
Corrosion resistance of the composite inert anodes
Tafel polarization is a fast and effective technique to characterize the corrosion resistance of materials, which has been widely used in the eld of the corrosion science. 46 The selfcorrosion potential and the self-corrosion current density of the working electrode can be obtained. The value of selfcorrosion potential (E corr ) expresses the self-corrosion ability ). to 340 C were shown in Fig. 5 , E corr and i corr were shown in Table 5 .
As shown in Fig. 5 and The corrosion resistance the composite inert anodes is affected by particle property and of preparation process temperature. On the one hand, more lead powders were melted and recrystallized with the rise of heating temperatures, and then a more compact matrix was formed, in which it decreased the structure defects of Pb-Co 3 O 4 composite inert anodes.
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Therefore, the corrosion resistance of Pb-Co 3 
Electrochemical impedance spectroscopy of the composite inert anodes
In the case of electrochemical impedance spectroscopy (EIS) measurements, the working electrode potential was performed at 1.6 V potential chosen from the oxygen reaction controlled region over a frequency range of 100 kHz to 0.1 Hz with a signal ). Fig. 7 , equivalent circuit of that was shown in Fig. 8 , Bode plots before and aer cycle of Pb-Co 3 O 4 composite inert anodes were shown in Fig. 9 and EIS simulating parameters before and aer cycle of equivalent circuit element of Pb-Co 3 O 4 composite inert anodes were shown in Tables 7 and 8 .
As shown in Fig. 7 , the similar two proles of the Nyquist plots reveal that the electrode oxygen evolution reaction mechanism does not change with the raise of heating temperatures. According to the calculation from Zsimp-win soware, circuit R(QR)(QR) was selected as equivalent circuit to simulate Nyquist plots. The values of Chi squared are close to 10 À3 shown in Tables 7 and 8 , which indicates the equivalent circuit can reect oxygen evolution reaction more accurately on the surface of Pb-Co 3 O 4 composite inert anodes. In present circuit, R s is the solution resistance and Q 1 is adsorption charge capacitance. R 1 and R ct represent adsorption resistance and interfacial charge transfer resistance respectively. Q is corresponding to interfacial charge transfer. The values of R s are all identical with each other, which show that the solutions have good conductivity. The charge transfer resistance R ct can reect difficulty of oxygen evolution reaction as an important parameter. The values of R ct decreased with the raise of heating temperatures. 50 It reveals that the oxygen evolution reaction would be easy and the electro-catalytic capability can be improved by the raise of heating temperatures, this research result was consistent with analysis of anodic polarization curves and cyclic voltammetry curves. In addition, there are two peaks in Bode plots, and the number of peaks in the phase angle Bode plot equals the number of (CPE) elements in circuit. 51 It was consistent with analysis of Nyquist plots. To compare with the Nyquist and Bode plots before and aer cycle of Pb-Co 3 O 4 composite inert anodes, it shows that Pb-Co 3 O 4 composite inert anodes have stable electrochemical performance.
Nyquist plots and Bode plots before and aer cycle of PbPbO 2 , Pb-Co 3 O 4 and Pb-Co 3 O 4 -PbO 2 composite inert anodes obtained at the heating temperature of 320 C were shown in Fig. 10 , Tables 9 and 10 respectively. The circuit R(QR)(QR) was selected as equivalent circuit due to values of Chi squared are close to 10 À3 shown in Tables 9 and 10 . As shown in Table 8 , the R ct value of Pb-Co 3 O 4 and Pb-PbO 2 composite inert anode are the minimum and maximum respectively. It shows that the oxygen evolution reaction would be easy by the doping of Co 3 O 4 . The Co 3 O 4 particles improved the electrochemical performance obviously better than that of PbO 2 particles, this research result was consistent with analysis of anodic polarization curves and cyclic voltammetry curves. There are also two peaks in Bode plots, which displays that analysis of Nyquist plots is correct (Fig. 11) . The energy spectrum analysis of Pb-PbO 2 composite inert anode was shown in Fig. 15 and Table 11 , that of Pb-Co 3 O 4 composite inert anode was shown in Fig. 16 and Table 12 , and that of Pb-Co 3 O 4 -PbO 2 composite inert anode was shown in Fig. 17 and Table 13 .
As can be seen in Fig. 13 , lead powders were irregular elliptical, Co 3 O 4 particles were spherical, and PbO 2 particles were tetragonal. As shown in Fig. 14(a) and (c), 15, 17 , Tables  11 and 13 , it can be seen that a part of lead powers were melt to the recrystallized lead with compact microstructures during the vacuum hot pressing, and thereaer, some lead powders and recrystallized lead were also oxidized to PbO 2 . Therefore, the characteristics of Pb and PbO 2 powder mixtures occurred in the microstructures of Pb-PbO 2 and PbCo 3 O 4 -PbO 2 composite inert anodes. As shown in Fig. 14(b 
The performance of current inert anodes compared with others
The performance of inert anodes compared with other related inert anodes in the literatures were show in Table 14 .
There are ve types of inert anodes in the were studied by S. W. He et al. 7 The performance of Al/Pb-PANI-WC inert anodes was studied by R. D. Xu. et al. 52 The electrochemical properties of Pb-0.3% Ag/Pb-WC and Pb-1% Ag inert anodes were measured by S. He et al. 53 It can be seen from the table above that the oxygen evolution overpotential of Pb-Co 3 O 4 inert anodes were obviously lower than other inert anodes. According to the experimental data of different types of inert anodes, the Pb-Co 3 O 4 inert anodes showed better electrochemical performance than other inert anodes. Fig. 15 The energy spectrum analysis of Pb-PbO 2 composite inert anode. 
Conclusions
